Abstract. Anaphylaxis is a rapidly occurring allergic reaction to any foreign substance, including venom from insects, foods and medications, which may cause fatalities. To prevent anaphylaxis, these triggers must be avoided. However, avoidance of numerous triggers is difficult. For this reason, the development of immunotherapeutic adjuvants that suppress the allergic response is important for anaphylaxis control. Mast cells are one of the major inflammatory cells involved in the inflammatory response, which secrete several inflammatory cytokines, including tumor necrosis factor (TNF)-α, interleukin (IL)-6, and IL-1β, and recruits other immune cells. Mast cells are also involved in a number of diseases, such as sinusitis, rheumatoid arthritis and asthma. Genistein, a phytoestrogen, has been reported to have anti-oxidative and anti-inflammatory activities. However, the effects of genistein on the anti-inflammatory response of mast cells remain unknown. In the present study, the anti-inflammatory effects of genistein on mast cells were investigated. Genistein significantly decreased IL-6 and IL-1β mRNA levels, as well as IL-6 production in PMA/A23187-induced mast cells activation.
Introduction
Allergic responses frequently occur in developed nations, with anaphylactic shock being particularly fatal (1) . Anaphylactic shock is a rapidly occurring, severe allergic response that may cause mortality (2) . Anaphylaxis can occur in response to any foreign substance, including venom from insects, foods and medications (3) (4) (5) . Globally, 0.05-2% of people are estimated to suffer anaphylaxis during their lifetime and this rate appears to be increasing (6) . Avoiding the specific triggers, such as foods and medications, is critically imporant to prevent anaphylaxis (7) . However, this is not always possible. Thus, development of immunoadjuvants is essential for preventing anaphylaxis and allergic reactions.
Mast cells derived from hematopoietic cells are associated with tissue immunity and innate immunity and play an significant role in allergic and anaphylactic reactions (1) . Mast cells can secrete pre-formed mediators, including histamine, heparin and inflammatory cytokines, by degranulation (8, 9) . Antigen immunoglobulin E (IgE)-dependent-activated mast cells induce degranulation to secrete three types of mediators. Several inflammatory and chemotactic cytokines, such as interleukin (IL)-1β, IL-6 and tumor necrosis factor (TNF)-α, are produced from activated mast cells (10) . Additionally, these pro-inflammatory cytokines support the well-recognized role of mast cells in allergic inflammation and hypersensitivity (10) . Histamine release from mast cells stimulates cardiac contraction, vascular permeability and anaphylaxis; the IgE-dependent pathway, which results in histamine release, is part of the mechanism associated with anaphylaxis (1) .
The production of these cytokines is transmitted through signal molecules, such as the transcription factors mitogen-activated protein kinase (MAPK) and nuclear factor (NF)-κB (11, 12) . MAPKs are expressed and activated in a systemic inflammatory disorder and play an important role in the control of cytokines, chemokines and cell proliferation (13) . As transcriptional factors, MAPK and NF-κB play a pivotal role in inflammation by virtue of their ability to induce transcription of an array of inflammatory genes, particularly the regulation of pro-inflammatory molecules, including IL-1β, IL-6 and TNF-α (14, 15) .
The phytoestrogen genistein (4' ,5,7-trihydroxyisoflavone) is an isoflavonoid compound containing soy beans. Genistein has a variety of biological effects, including anti-inflammatory and antioxidant properties, and inhibits protein tyrosine kinases (PTK) and influences immune responses (16, 17) . Genistein also modulates the activation of NF-κB and Akt during inflammation (18) . Immortalized human mammary epithelial cells demonstrated decreased extracellular signal-regulated kinase (ERK)1/ERK2 phosphorylation when treated with genistein, specifically inhibiting cytokine-induced ERK phosphorylation (19) . Several animal studies indicate that genistein reduces production of pro-inflammatory molecules, such as IL-6 and TNF-α, in rat plasma. In addition, in an acute liver inflammation model, oral administration of soy-derived genistein suppresses IL-6, IL-1β and TNF-α in RAW264.7 macrophages (20, 21) . However, the signaling pathways involved in the anti-inflammatory effect of genistein on human mast cell activation remain unknown.
The aim of the present study was to investigate the anti-inflammatory effects of genistein on phorbol 12-myristate 13-acetate (PMA)-and A23187-, a calcium ionophore, induced expression of pro-inflammatory cytokines and histamine release, as well as their associated regulatory signaling pathways.
Materials and methods
Cell culture and genistein treatment. The human leukemic mast cell (HMC)-1 line was obtained from Dr Dae Ki Kim at Chunbuk National University (Jeonju-si, Korea). HMC-1 were cultured in Iscove's modified Dulbecco's medium (IMDM) supplemented with 10% heat-inactivated fetal bovine serum, 100 IU/ml penicillin, and 100 µg/ml streptomycin (PAA Laboratories Inc., Piscataway, NJ, USA) at 37˚C and 5% CO 2 . Genistein was dissolved in dimethyl sulfoxide (DMSO) (Sigma, St. Louis, MO, USA) and diluted to the desired concentration in IMDM (final DMSO concentration 0.1% v/v). An equal amount of DMSO was added to the control samples (medium only).
Cell viability. Cell viability was measured by the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assay. HMC-1 (2x10 4 cells/well) were seeded in 96-well U-bottom culture plates with IMDM and incubated at 37˚C and 5% CO 2 . Cells were treated with various concentrations of genistein (12.5-50 µmol/ml) and incubated at 37˚C for 24 h. Following treatment, MTT (0.5 mg/ml) in medium was added to each well and cells were incubated at 37˚C for 4 h. Following incubation, the MTT solution was removed and the formazan product was dissolved in a solvent (DMSO:ethanol = 1:1) generating a colored solution. Absorbance was measured by an enzyme-linked immunosorbent assay (ELISA) microplate reader at a wavelength of 570 nm (BioTek, Winooski, VT, USA).
RNA isolation and reverse transcription PCR (RT-PCR).
Total RNA was isolated from genistein-treated cells using TRI reagent (Sigma) according to the manufacturer's instructions. To synthesize cDNA, 0.5 µg of total RNA was primed with oligo(dT) and reacted with a mixture of Moloney murine leukemia virus reverse transcriptase (M-MLV reverse transcriptase), dNTP and reaction buffer (Promega, Madison, WI, USA). The mRNA levels of inflammatory cytokines were measured using synthetic cDNA and selective primers for PCR: IL-6 forward, GAG GCA CTG GCA GAA AAC AA; and reverse, TTG GGT CAG GGG TGG TTA TT; IL-1β forward, GTA CCT GAG CTC GCC AGT GA; and reverse, TGA AGC CCT TGC TGT AGT GG; TNF-α forward, CCA TCA GAG GGC CTG TAC CT; and reverse, CAG ACT CGG CAA AGT CGA GA; GAPDH forward, AAG GGT CAT CAT CTC TGC CC; and reverse, GTG ATG GCA TGG ACT GTG GT. The PCR products were stained with Loading Star (Dynebio co., Ltd., Seongnam-si, Korea) and electrophoresed on a 1% agarose gel. The bands were detected by a UV transilluminator (Core Bio, La Jolla, CA, USA).
Western blot analysis. HMC-1 (2x10
6 cells/well) were seeded in a 60Φ cell culture dish and starved with serum-free IMDM for 6 h. After starvation, cells were pretreated with genistein for 30 min, and stimulated with 20 nmol/l PMA and 1 µmol/l of the calcium ionophore, A23187, for 15, 30 and 60 min. Treated cells were washed with cold phosphate-buffered saline and lysed with modified radioimmunoprecipitation assay buffer [50 mmol/l Tris-HCl, 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium deoxycholate, 1% NP-40 and 150 mmol/l sodium chloride (pH 8.0)] at 4˚C for 30 min. The lysates were centrifuged at 13,000 x g for 15 min and the supernatant was used as protein samples. Protein concentration was measured according to the manufacturer's instructions by colorimetric bicinchoninic acid kit (Thermo Scientific, Pittsburgh, PA, USA). Equivalent amounts of protein were separated by 10% SDS-polyacrylamide gel electrophoresis and electrophoretically transferred to polyvinylidene fluoride membrane (Millipore, Billerica, MA, USA). The membranes were incubated with blocking solution (5% skimmed milk in Tris-buffered saline TBS) for 1 h. Following blocking, membranes were probed with anti-ERK (sc-292838), anti-p-ERK (sc-7383), anti-p38 (sc-535) and anti-p-p38 (sc-7973) primary antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), and with horseradish peroxidase (HRP)-conjugated anti-rabbit or anti-mouse secondary antibodies (Santa Cruz Biotechnology) for 2 h. Bands were visualized using an enhanced chemiluminescence (Bio-Rad Laboratories, Hercules, CA, USA) detection system and exposed to radiographic film.
ELISA. HMC-1 (2x10 4 cells/well) were seeded in 96-well U-bottom culture plates. Cells were pretreated with various concentrations of genistein (12.5-50 µmol/l) for 30 min, and stimulated with PMA/A23187 for 48 h. Cultured cells were separated by microcentrifugation and the supernatant was used for samples. IL-6 release was measured by Human IL-6 ELISA MAX™ Deluxe Sets (BioLegend, San Diego, CA, USA), according to the manufacturer's instructions. Briefly, standards and samples were incubated on a capture antibody-coated plate overnight at 4˚C. The detection antibody was added and samples were incubated for 1 h and avidin-HRP bound to the detection antibody. Substrate solution was added to each well, and the reaction was stopped by addition of a stop solution (2N H 2 SO 4 ). Absorbance was measured by an ELISA microplate reader at a wavelength of 405 nm.
β-hexogeminidase assay. HMC-1 (5x10 5 cells/well) were seeded in 24-well plates with IMDM. After a 10-min incubation at 37˚C, cells were pretreated with genistein for 30 min followed by stimulation with PMA/A23187 for 1 h. Cultured cells were collected by centrifugation (1,500 x g) for 5 min. The pellet and supernatant were transferred to separate microtubes. The pellet was lysed with 1% Triton X-100 in Tris-HCl (pH 8.0) for 20 min at 4˚C. The lysate (50 µl) was combined with 50 µl 2 mM p-nitrophenyl-N-acetyl-β-D-glucosaminide (Calbiochem, Canada) dissolved in 0.1 mol/l citrate buffer (pH 4.5) for 1 h at 37˚C. The reaction was ended with 100 µl of a stop solution (0.1 mol/l NaHCO 3 /Na 2 CO 3 ), and the absorbance was measured at 405 nm using an ELISA microplate reader.
Statistical analysis. All the results are expressed as the mean ± standard deviation of the indicated number of the experiments. Statistical significance was estimated using a Student's t-test for unpaired observations, and the differences were compared with regard to statistical significance by one-way analysis of variance, followed by Bonferroni's post-hoc test. The categorical data from the fertility test were subjected to statistical analysis via the χ 2 test.
Results

Genistein had no effect on cytotoxicity in a human mast cell line (HMC-1).
In an initial series of experiments, whether genistein influenced the cytotoxicity of a human mast cell line (HMC-1) was investigated. HMC-1 cells were treated with various concentrations of genistein, ranging from 0 to 50 µM, for 24 h and subjected to an MTT assay. As shown in Fig. 1B , the addition of 50 µM genistein did not alter HMC-1 numbers when compared to the control or cells treated with only medium [DMSO (0.02%) in IMDM]. Therefore, this range of genistein concentrations was used to determine the anti-inflammatory effects of genistein during mast cell activation.
Genistein suppresses the expression levels of pro-inflammatory cytokines in PMA/A23187-induced HMC-1.
Pro-inflammatory cytokines are important mediators of inflammation, cell recruitment and allergenic responses (22) . To evaluate the effect of genistein on the gene expression of pro-inflammatory cytokines, HMC-1 was initially treated with genistein and the cells were stimulated with PMA (20 nM) and A23187 (1 µM), prior to analyzing the gene expression of the pro-inflammatory cytokines using RT-PCR. As shown in Fig. 2A , a high level of genistein (50 µM) significantly suppressed the gene expression of IL-1β and IL-6. However, TNF-α gene expression remained unaltered (Fig. 2B) .
Genistein significantly inhibits IL-6 production in PMA/A23187-induced HMC-1. IL-6 is crucial for mast cell maturation; activated mast cells increase IL-6 mRNA associated with protein kinase C (PKC) activity and also upregulate histamine production (23). We found that genistein suppressed gene expression of pro-inflammatory cytokines IL-1β and Products were electrophoresed on a 1% agarose gel, stained with ethidium bromide, and captured using a Kodak DC 290 digital camera. Data are representative of three independent experiments. PMA, phorbol 12-myristate 13-acetate; IL, interleukin; TNF-α, tumor necrosis factor-α; RT-PCR, reverse transcription polymerase chain reaction. Fig. 2A) . To confirm the effect of genistein on the gene expression of pro-inflammatory cytokines, culture supernatants were assayed for cytokine levels by ELISA. HMC-1 cells were pretreated with genistein (12.5-50 µM) for 30 min, and subsequently stimulated with PMA and A23187 for 48 h. As shown in Fig. 3 , genistein strongly decreased the production of IL-6 in PMA/A23187-induced HMC-1. These results indicate that genistein inhibits pro-inflammatory cytokines, such as IL-1β and IL-6 in PMA/A23187-activated HMC-1.
IL-6 (
Genistein inhibits histamine release in PMA/A23187-induced HMC-1. In order to determine the effect of genistein on mast cells degranulation, the effect of genistein was investigated on the release of β-hexosaminidase, a secretory granule marker that is released in parallel with histamine. As shown in Fig. 4 , 50 µM genistein reduced β-hexosaminidase release by 2-fold, indicating that genistein inhibits mast cell degranulation.
Genistein regulates phosphorylation of ERK.
To evaluate the mechanism of the effect of genistein on gene expression of pro-inflammatory cytokines, the influence of genistein on MAPK phosphorylation was investigated. IL-1β and IL-6 expression is regulated by a transcription factor, NF-κB, and activated by MAPK pathways (24) . In order to investigate the effects of genistein on the MAPK signaling pathways, HMC-1 cells were pretreated with 50 µM genistein and kinase activation was assessed. Phosphorylation of p38 MAPK and ERK1/2 were measured by phosphor-specific western blotting. As shown in Fig. 5 , genistein inhibited the phosphorylation of ERK1/2 in PMA/A23187-induced mast cells. These results indicate that genistein inhibits pro-inflammatory cytokine production via regulation of the ERK pathways.
Discussion
Allergic diseases, including asthma and anaphylaxis, are a severe health burden for a number of nations. In the United States, an estimated 20 million patients are treated for allergic diseases, at an annual cost exceeding $15 billion (25) . Anaphylaxis is a type I hypersensitivity reaction mediated by IgE-activated mast cells and occurs locally and systemically; it is caused by various inflammatory mediators, such as histamine, tryptase and several cytokines from activated mast cells. These inflammatory mediators affect leukocyte recruitment, and cause vasodilation, increased vascular permeability and bronchial-constriction (26) . Therefore, numerous investigators have sought to develop novel therapeutic adjuvants for allergenic inflammation via regulation of mast cells. To address this, the anti-inflammatory effects of genistein, a phytoestrogen, were investigated on mast cell activation. In general, PMA activates PKC, resulting in activation of mast cells. In addition, the calcium ionophore, A23187, increases the permeability of the cell membrane to Ca 2+ and can selectively activate gene expression of calcium-regulated genes (27) . In addition, A23187 alone has been shown to induce granule release in mast cells (8) . The present study assessed HMC-1, an immature human mast cell line derived from the peripheral blood of a patient suffering from mast cell leukemia. HMC-1 lacks FcεRI, making it difficult to activate the mast cells through IgE-mediated responses. In addition, co-treatment with PMA and A23187 was also used to activate mast cells.
Genistein is a phytoestrogen isolated from Genista tinctoria; the chemical name is derived from the generic name. Kim et al (28) reported that genistein-4'-O-α-L-rhamnopyranosyl-(1→2)-β-D-glucopyranoside from Sophora japonica (Leguminosae) ameliorates mast cell-mediated allergic inflammation in vivo and in vitro. In addition, the study by Kim et al indicates that the anti-inflammatory effect of the genistein compound is involved in the regulation of inflammatory cytokines, including IL-8 and TNFα. A recent study found that genistein inhibited transcription factors, including GATA-binding protein-3 and signal transducer and activator of transcription-6, which control the Th1/Th2 response in an asthma mouse model. Specifically, genistein decreased Th2-type cytokine levels and attenuated ovalbumin-induced airway inflammation (29) . However, the underlying mechanisms by which genistein inhibits inflammatory mediators in mast cell activation remain unknown.
To the best of our knowledge, this is the first study showing that genistein inhibits pro-inflammatory cytokines in activated mast cells. Genistein was found to significantly suppress IL-1β and IL-6 expression in PMA/A23187-induced mast cells ( Fig. 2A) . In general, mast cells release an array of mediators with the potential to cause allergic inflammation, such as the pro-inflammatory cytokines, IL-1β, IL-6 and TNF-α. Specifically, IL-1β plays an important role in allergic response; the local accumulation of IL-6 is associated with a local allergic reaction, and IL-1β and IL-6 promote inflammation and a mast cell-mediated immune response (30) (31) (32) . These studies indicate that reduction of pro-inflammatory cytokines from mast cells is one of the keys to reducing inflammatory symptoms. The results of the present study, showing inhibition of IL-1β and IL-6 expression by genistein, support the idea that genistein has an anti-inflammatory effect resulting from the reduction of these mediators in mast cells. Additionally, the induction of these cytokines was involved in the activation of the MAPK and NF-κB pathway. The study by Blackwell et al (33) reported on the role of NF-κB activation in the regulation of cytokine production in allergic inflammation, and showed that NF-κB activation is also associated with MAPK activation. To address this, the inhibitory effect of genistein was investigated on pro-inflammatory cytokines via regulation of MAPK activation. Genistein inhibited the phosphorylation of ERK. However, p38 MAPK levels were not altered by pretreatment with genistein in activated mast cells (Fig. 5) . These results indicate that the inhibitory effect of genistein on pro-inflammatory cytokine production is associated with ERK signaling pathways.
In conclusion, genistein inhibits the gene expression and production of pro-inflammatory cytokines IL-1β and IL-6, but does not alter TNF-α levels. Additionally, genistein attenuates activation of the ERK signaling pathway. The present study also indicates that genistein has potential for use as a treatment for allergic inflammation and anaphylactic shock.
